Purpose To investigate the microstructural differences of the inner retina in the peripapillary and macular areas in children with or without retinopathy of prematurity (ROP). Methods This prospective cohort study included school-age children with a history of ROP and age-matched healthy, full-term children. The macular ganglion cell complex (mGCC), peripapillary retinal nerve fiber layer (RNFL), refractive status, and ocular biometry were measured. The metrics of the mGCC and associated anatomical changes were the primary outcomes. Mann-Whitney U tests and chi-squared tests were used to compare variables between the two groups. Results A total of 41 eyes from 21 preterm children with ROP and 34 eyes from 17 fullterm children were enrolled. ROP eyes had significantly thicker mGCC (Po0.001) with uneven distribution compared with full-term eyes. The RNFLs of ROP eyes were thicker in the temporal quadrants but thinner in the nasal quadrants (P = 0.01 and.04, respectively). In addition, the ROP eyes had shallower anterior chamber depths (ACDs), thicker lenses, and higher degrees of refractive errors (all Po0.05) but similar axial lengths (ALs) (P = 0.58) compared with full-term eyes. Conclusions The mGCC was thicker in children with ROP, and their inner retinal structures had a different distribution pattern than those in full-term children. The myopia of children with ROP was associated with the abnormal development of the anterior segment rather than long ALs. These alterations in inner retinal anatomy and optic components emphasize the importance of careful examinations to monitor the development of glaucoma or visual decline in children with ROP.
Introduction
Children with a history of retinopathy of prematurity (ROP) represent a unique population because they might have different ocular sequelae during development, even if the disease has regressed. The eyes of preterm children have more highly curved corneas, shallower anterior chambers, thicker lenses, and shorter axial lengths (ALs) than those of fullterm children, 1,2 and these differences become more significant as the severity of ROP increases. 3 Because these anatomical alterations can change refractive status, ROP has long been associated with the development of myopia, astigmatism, and anisometropia. 4, 5 Although the overall prevalence of myopia in eyes with ROP remains stable across age, 6 the proportion of high myopia, particularly myopia with diopters ≥ 8, continued to increase in the Early Treatment of ROP population up to 3 years of age. 4 Preterm children with or without a history of ROP have a thinner retinal nerve fiber layer (RNFL) than full-term children. 7, 8 Glaucoma is a progressive optic neuropathy characterized by RNFL thinning. Whether reduced RNFL thickness in preterm children is associated with glaucoma remains unknown; however, glaucoma was recognized as an important cause of visual decline in children with severe ROP after surgery. 9 In contrast, myopia itself, especially high myopia, is strongly associated with glaucoma. 10, 11 After adjusting for known glaucoma risk factors and intraocular pressure, the Blue Mountains Eye Study 10 concluded that myopic individuals had a two-to threefold increased risk of glaucoma compared with nonmyopic individuals. The mechanical stretching of the ocular structure alone or insufficient ocular perfusion in people with myopia can lead to RNFL damage. 11 Therefore, the interactions among ROP, myopia, and glaucoma remain complex and unclear. An analysis of the ganglion cell layer (GCL) might be a powerful predictor to diagnose and monitor glaucoma. 12 The advancement of spectral-domain optical coherence tomography (SD-OCT) improved the ability to present an accurate segmentation in the retina and observe subtle changes. 13 Different SD-OCT machines measure GCL using different parameters including the macular ganglion cell complex (mGCC) and the GCL-inner plexiform layer (IPL). Nevertheless, the results of GCL-IPL were inconsistent in different studies, 13, 14 and a lack of mGCC measurements exist for children with a history of ROP in the literature.
Hence, the present study performed detailed measurements of the optic nerve head (ONH) and inner retinal structures (including the peripapillary RNFL and mGCC) in a large sample of school-age children with or without a history of ROP. The results might clarify the microstructural differences in ROP eyes and allow us to evaluate the likelihood of developing glaucoma. We also measured the refraction and biometry of related optical components to obtain a better understanding of the relationship between refractive errors and ocular structural changes.
Methods

Patients and grouping
This prospective, comparative study was conducted at Chang Gung Memorial Hospital, a referral medical center in Taiwan between October 2012 and September 2015. This study recruited two cohorts of children: The first cohort included children with a history of treatmentrequiring ROP who received regular follow-up assessments at our hospital; the second cohort consisted of age-matched healthy controls who were recruited at our clinics. The control children were born at full term (gestational age [GA] Z 37 weeks; birth weight [BW] Z 2500 g), and they did not present with any ocular disease except refractive errors.
All patients had a normal-appearing posterior pole on ophthalmoscopy. ROP grade was categorized by the maximal severity in the acute stage. 15 The indications for diode laser photocoagulation depended on the development of threshold disease defined by the previous CRYO-ROP study. 16 The indications for intravitreal injection of bevacizumab (IVB; Avastin; Genentech Inc., San Francisco, California, USA) were patients with prethreshold ROP, and the injected volume was 0.625 mg (0.025 ml) as described in our previous study. 17 Both eyes of each child were examined and included in the study analysis.
Patients were excluded if they had stage 4 or 5 ROP and had undergone vitrectomy or scleral buckling. Patients with residual retinal sequelae of ROP, including retinal detachment or macular dragging or fold, were also excluded.
All procedures conformed to the tenets of the Declaration of Helsinki. The Institutional Review Board of Chang Gung Memorial Hospital approved the study protocol. Written informed consent was obtained from the parents of each child.
Ophthalmic examination
All study participants underwent thorough ophthalmic examinations, including slit lamp biomicroscopy, indirect ophthalmoscopy, and best-corrected visual acuity. Visual acuity was assessed via Landolt-C optotypes and converted into logarithms of minimum angle of resolution (LogMAR) units prior to data analysis. Biometry, including anterior chamber depth (ACD), lens thickness (LT), vitreous depth, and AL were measured using A/B mode ultrasound (Aviso, Quantel Medical, Cournon d'Auvergne Cedex, France). Any abnormality in pupil, iris, or lens clarity was documented.
Peripapillary RNFL, mGCC and ONH measurements via SD-OCT An experienced technician blind to the patient's group performed the SD-OCT scans (RTVue-100; software version 4.0; Optovue, Inc., Fremont, California, USA). The RTVue OCT uses a near-infrared light-source centered at 840 nm, with a 50-nm bandwidth. The system has an axial resolution of 5 μm and can perform 26 000A-scans per second. To measure the ONH, RNFL, and mGCC, the standard glaucoma module was used. The peripapillary RNFL thickness was measured at a diameter of 3.45 mm around the center of the optic disc. The mGCC consists of three layers: the RNFL, the GCL, and the IPL. 18 The mGCC scan covered a 7 × 7 mm 2 area in the macula and was centered 1 mm temporal to the fovea to improve coverage of the temporal macula. Four types of data (average, superior, inferior thicknesses, and superiorinferior difference) were used to analyze the mGCC. The mGCC global loss volume (GLV) and focal loss volume (FLV) metrics are designed to detect patterns of loss. The GLV detects diffuse loss, and the FLV detects localized loss over the mGCC map. The image quality was examined carefully following each acquisition. Poorquality scans, defined as images with (1) a signal strength index (SSI) of o45; (2) RNFL or mGCC segmentation Eye errors; or (3) a local weak signal caused by medial opacities, were excluded.
Statistics
Statistical analyses were performed using SAS software version 9.2 (SAS Inc., Cary, North Carolina, USA). The categorical variables are presented as frequencies and percentages, and the continuous variables are presented as means ± standard deviations. Mann-Whitney U tests and chi-squared tests were used to compare variables between the ROP group and the control group, where appropriate. Spearman's rank correlation coefficient was used to assess the relationship between two variables. A P value of o0.05 was considered to indicate statistical significance.
Results
Baseline characteristics
A total of 41 eyes of 21 preterm children and 34 control eyes of 17 full-term children were included in this study. The mean GA of children in the ROP group was 26.2 ± 2.1 weeks (range, 23-36 weeks) and 39.0 ± 1.7 weeks (range, 37-41 weeks) in the control group (Po0.001). The mean BW of the children in the ROP group was 919.4 ± 260.8 g (range, 552-1530 g) and 3195.9 ± 384.3 g (range, 2500-3878 g) in the control group (Po0.001). The mean age (years) at examination was 9.6 ± 2.5 in the ROP group and 8.4 ± 1.7 in control group (P = 0.14). In the ROP group, all of the eyes (100%) were zone 2 ROP. Six eyes (14.6%) were stage 2 ROP plus disease, and 35 eyes (85.4%) were stage 3 ROP plus disease. A total of 37 (90.2%) eyes were treated with diode laser photocoagulation, and 4 eyes (9.8%) were treated with diode laser photocoagulation and IVB All of the study participants (100%) had normal pupil shape and responded to light. No posterior synechiae or iris abnormality was noted. The lenses of all eyes were clear.
Refraction and biometry of optical components
The refractive status and optical component measurement means in the ROP and control groups are presented in Table 1 . The children with a history of ROP showed poorer best-corrected visual acuity (Po0.001). The mean spherical powers of the ROP and control groups were − 4.6 ± 5.3 and − 0.4 ± 2.4 diopters (P = 0.01), respectively. The mean cylindrical powers of the ROP and control groups were − 2.6 ± 1.4 and − 1.3 ± 0.8 diopters (Po0.001), respectively. A significantly greater spherical equivalent (refractive errors) was observed among the children with a history of ROP (Po0.001).
Despite the similarity in average AL between the ROP group and the age-matched healthy controls (P = 0.58), the children with a history of ROP had significantly shallower ACDs and thicker LTs (P = 0.01 ando0.001, respectively). No difference was found in the vitreous depth between the two groups (P = 0.71). Neither baseline intraocular pressure nor central corneal thickness differed between the two groups (P = 0.97 and .29, respectively). Figure 1 depicts the mean distribution of the global spatial profile of peripapillary RNFL thickness in the ROP and control groups. The peaks near the superior and inferior sectors showed a temporal deviation in the ROP group, which means that the superotemporal and inferotemporal sectors were thicker, and the superonasal and inferonasal sectors were thinner. The average RNFL thickness of children with ROP did not significantly differ from that of full-term children (108.4 ± 16.0 μm and 109.5 ± 12.1 μm, respectively, P = 0.91). Inner retinal abnormalities in retinopathy of prematurity Y-S Lee et al mGCC metrics
Distribution of peripapillary RNFL thickness
The mGCC results are summarized in Table 1 . The average, superior, and inferior mGCC thicknesses were all thicker in children with a history of ROP than healthy children (Po0.001,o0.001 and 0.01, respectively), but the mGCC difference between the superior and inferior areas was similar across these two groups (P = 0.20). The eyes of children with a history of ROP had a lower percentage of global loss (mGCC-GLV) but a higher percentage of focal difference (mGCC-FLV) than those in healthy full-term children (P = 0.02 and 0.05, respectively).
Correlation between refraction and biometry measurements and RNFL and mGCC measurements
The spherical powers, cylindrical powers, and spherical equivalent in all patients were positively correlated with RNFL thickness (Spearman's correlation = 0.32, 0.32, and 0.38, respectively; P = 0.01, 0.01, and 0.001, respectively). The AL in all patients was negatively correlated with RNFL thickness (Spearman's correlation = − 0.35; P = 0.01). The ACD in all patients was not correlated with RNFL thickness (Spearman's correlation = 0.24; P = 0.09). In contrast, there was no significant correlation between mGCC thickness and spherical powers, cylindrical powers, spherical equivalent, AL, or ACD among all patients (Spearman's correlation = 0.09, 0.16, 0.04, − 0.22, and − 0.08, respectively; P = 0.44, 0.17, 0.71, 0.10, and 0.58, respectively). The interaction between group status and refraction/biometry of optic components was insignificant, and subgroup analysis for either the ROP group or control group revealed similar correlations between refraction/biometry of optic components and RNFL/mGCC measurements (data not shown).
ONH metrics
Several ONH parameters were analyzed, including disc area, cup-to-disc ratio, rim or cup area, and rim or cup volume. None of these values significantly differed between the ROP and control groups (all P40.05).
Discussion
Premature birth might disrupt normal ocular growth in different ways in both the posterior and anterior segment of the eye. Our results showed that preterm children with a history of ROP have poorer best-corrected visual acuity, shallower ACD, greater LT, changes in peripapillary RNFL distribution, and greater mGCC thickness with increased mGCC-FLV compared with full-term children.
In contrast with the previous literature concerning the characteristics of RNFL or the microstructures of the inner retina in preterm children, 8, 13 our study simultaneously combined detailed measurements of the ocular biometry of optical components, ONH, and retinal structures. We found that although the pattern of temporal deviation of RNFL peaks in children with a history of ROP was similar to the temporal shift of the RNFL peaks in patients with axial myopia, the mechanism was different. The greater inner retinal thickness with uneven distribution also suggests immature macula development in children with a history of ROP, highlighting the importance of vision and glaucoma surveillance during growth. Myopia following preterm birth has many unique characteristics compared with myopia following full-term birth. School-age myopia is usually associated with long ALs. In contrast, myopia in preterm patients is usually associated with normal or short ALs. 2, 19 Evidence also exists of arrested development in the anterior segment among premature patients, including microcornea, 20 steep corneal curvature, 2 shallow ACD, 2, 19 and thickened lens. 2, 19 These findings indicate that the development of myopia in premature patients is primarily influenced by the arrested development of the ocular anterior segment. The abnormal development and crowdedness of anterior segment structures results in a refractive myopia in preterm children, and not the axial myopia observed in healthy full-term children.
Myopic eyes with long ALs usually have thinner global RNFLs and show temporal shifting of the superotemporal and inferotemporal RNFL bundles. 21 According to Wakitani et al, 22 one possible reason for this difference is the increase in the diameter of the OCT scan circle projected onto the retina with increasing AL. Another explanation might be that a stretched, thinner peripapillary RNFL is present in longer eyes. 23 Our study demonstrated that ROP eyes have significantly thinner RNFLs in the superonasal quadrants and thicker RNFLs in the temporal quadrants compared with control eyes (Figure 1) . These results were consistent with previous reports. 8, 13 Because the temporal quadrant is composed of papillomacular bundle axons, Pueyo et al 13 hypothesized that a thicker temporal RNFL in children with a history of ROP indicates ganglion cell reorganization to preserve macular function. In addition, the optic disc parameters including disc area, cup-to-disc ratio, and rim area did not differ between preterm children with a history of ROP and healthy full-term children, indicating the similarity of the ganglion cell axon orientation in the peripapillary area. Therefore, the thicker temporal RNFL in preterm children should not be regarded as the temporal shifting of peak RNFL thickness associated with axial myopia. Figure 2 presents the representative peripapillary RNFL thickness profiles (TSNIT graphs) from an ROP child with myopia, an ROP child without myopia, and a full-term control child in our study.
Regardless of myopia, preterm children also have a thinner peripapillary RNFL than their full-term counterparts, 7, 8, 24, 25 and the RNFL thickness in preterm children was correlated with the stage of ROP. 24 The disruption of the autoregulation of ocular blood flow and the rise in carbon dioxide tension in preterm infants might interfere with the normal maturation of the optic disc. 26, 27 Therefore, recent studies have suggested that preterm birth is associated with subclinical optic nerve hypoplasia. 8, 24 By using handheld SD OCT, many studies have described the development of the optic nerve head and peripapillary area in preterm and full-term infants. 25, 28, 29 Tong et al found that preterm infants had larger vertical cup diameters and vertical cup-to-disc ratios than term infants at 37-42 weeks postmenstrual age. 28 In addition, Patel et al studied a group of 352 fullterm children aged between 1 day and 13 years. 29 They found the mean disc and cup diameters increased by 30% and 40%, respectively, between birth and 13 years of age. The peripapillary temporal RNFL demonstrated an initial decrease of nearly 35% between birth and 18 months of age, followed by a slow increase up to 12 years of age. These studies suggested preterm birth negatively affects optic nerve or RNFL development at a very early age rather than a later development change. 25 Finally, the majority of prior studies 7 and the current study noted that children with a history of ROP had received laser treatment. Laser photocoagulation is well documented to affect the axons of ganglion cells and induce the progressive thinning of the nerve fiber layer over the long term. 30 Human foveal development is a complex process that includes the centrifugal displacement of the inner retinal cells and the centripetal displacement of photoreceptors. 31 In contrast with the adult fovea, the following signs of immaturity are observed after premature birth: shallow foveal pit, the persistence of inner retinal layers, and a thin photoreceptor layer. 32 Dubis et al found that the persistence of inner retinal layers was seen in 93% premature born neonates and subclinical cystoid macular oedema was noted in 54% premature born neonates, and these abnormal changes were found in patients independent of ROP stage. 33 Vinekar et al also reported cystoid macular oedema in 23 of 79 eyes (29.1%) with stage 2 ROP despite clinically normal foveae and found no cystoid macular oedema in patients with stage 0 or 1. 34 Some reasons have been proposed to explain the abnormal macular changes: 33, 34 (1) a response to higher concentrations of vascular endothelial growth factor, (2) mechanical traction exerted on the macula, or (3) concurrent systemic diseases, such as hypoxia or sepsis. The development of the macula begins during gestational weeks 24 through 26 and is not completed until~4 years of age. 19 Nevertheless, our study enrolled a group of 10-year-old (on average) preterm children and found that their mGCCs, a surrogate parameter for the inner retinal layer, remained thicker than those of age-matched fullterm children (P = 0.0019). Figure 3 shows representative mGCC maps of our ROP and healthy full-term samples. The foveal depression was shallower in children with a history of ROP. In the control population, a trend was observed such that the mGCC of the nasal side was thicker than that of the temporal side; furthermore, the mGCC became gradually thinner towards the periphery. 35 In contrast, this trend was not present in children with a history of ROP. Two explanations are proposed to explain our findings. First, despite the foveal development that is reported to continue after premature birth, 32 prematurity disrupts the peripheral migration and maturation of inner retinal cells. Alternatively, laser treatment that seeks to destroy avascular retina might contribute to these changes (as reported by our previous study 19 ) given that thicker perifovea and parafovea were found in treated children with a history of ROP than in children whose ROP spontaneously regressed. The normative RTVue database consists of 861 healthy eyes of participants of various ethnicities, with ages ranging between 19 and 82 years. 36 Thus, interpretations of the significance map in young children should be made with caution. Available studies concerning the inner retinal structure changes in preterm children with previous ROP are summarized in Table 2 .
Another notable finding in our study was that the mGCC-FLV was significantly increased in children with a history of ROP compared with full-term children (Figure 3) . Increased mGCC-FLV is a powerful predictor of conversion from glaucoma suspect or preperimetric The mGCC-FLV was 0.001%. The SSI was 74.6. The foveal depression was shallower in children with a history of ROP. The mGCC showed more thickening on the thickness map and more uneven distribution on the distribution map in children with a history of ROP. In the normal population, a trend shows that the mGCC on the nasal side was thicker than that on the temporal side, and the mGCC grew gradually thinner towards the periphery. 35 By contrast, this transition was less obvious in children with a history of ROP (white arrows). glaucoma to perimetric glaucoma. 12 Nevertheless, this estimation is usually made under conditions of reduced overall mGCC thickness due to ganglion cell axon injury in patients with glaucoma. Our study showed that eyes with a history of ROP had a significantly thicker mGCCs and less general loss of mGCC than healthy eyes. The increased mGCC-FLV in ROP eyes might represent a heterogeneous distribution and a disrupted maturation process of the inner retina and not a true finding of future glaucomatous progression. Long-term surveillance of glaucoma development is needed to evaluate the predictive value of this variable.
The strength of the current study is that we measured the biometry of optical components, optic disc morphology, and mGCC/RNFL in children with ROP and age-matched full-term controls, thereby providing strong evidence to clarify the relationships among inner retinal structural alterations, refractive errors, and ocular structural changes. Our study also has limitation. First, patients with different stages of ROP and different treatment modalities might have different microstructural changes in the retina, and the participants in the present study were mostly zone 2, stage 3 patients (85.4%) who underwent laser photocoagulation (90.2%). Therefore, subgroup analyses of different stages of children with ROP or different treatment effects (laser vs IVB) were not possible. Previous studies reported that IVB was associated with less myopia than either laser photocoagulation or combined laser and bevacizumab treatment for type 1 ROP, 37, 38 and treatment-requiring ROP eyes were susceptible to more severe myopia with age compared with eyes without ROP or those with spontaneously regressed ROP. 39 The intraretinal layer thicknesses in high myopic eyes varied significantly from emmetropic eyes. 40 In addition, laser treatment might alter the thickness of the inner layer of the retina, 41 and such changes should be considered in ROP patients after laser photocoagulation treatment. Finally, we lacked medical records from the neonatal period of our ROP cohort because the study was conducted at a referred tertiary centre. Hypoxia and systemic inflammation might influence the activation of microglial cells and neuronal apoptosis, 13, 42 thereby inducing damage to the ganglion cells and changes to the inner retinal layers. These neonatal conditions might lead to bias in our study.
In conclusion, school-aged children with a history of ROP showed a crowded anterior segment of the eyes and different patterns of RNFL and inner retinal structures compared with children born at term. These changes in ocular growth and microstructures in the retina might influence visual development and the occurrence of glaucoma in the future. Children with a history of ROP should receive careful examinations and regular long- Inner retinal abnormalities in retinopathy of prematurity Y-S Lee et al
